Aims Among people with diabetes, 10-25% will experience a foot ulcer. Research has shown that supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate may improve wound repair. This study tested whether such supplementation would improve healing of foot ulcers in persons with diabetes.
Introduction
People with diabetes often develop hard-to-heal diabetic foot ulcers secondary to neuropathy, peripheral vascular disease with ischaemia, or both [1] . In addition, infection, wound depth, size and duration also negatively impact healing and are therefore factors associated with failure to heal and possible amputation [2] [3] [4] .
Although wound healing is complex, the ultimate outcome of the healing process is repair of the defective tissue. Collagen synthesis is required for complete wound healing and resolution of muscle injury [5] . The clinical goal is to increase collagen deposition to enhance wound strength and integrity. Nutrition is important in the repair of soft tissue injuries and wound healing [6] . Specific nutrients have been shown to enhance wound healing [7] .
A number of stressors, including wounds, can increase the need for arginine, causing it to become conditionally essential (requiring intake from food or supplements). Arginine regulates pathways required for tissue cell growth, replication and repair and may be beneficial to enhance wound healing [8, 9] . Supplemental arginine improved markers of wound healing such as greater protein and hydroxyproline in the wound bed, enhanced T-lymphocyte function and promotion of positive nitrogen balance [8] [9] [10] .
Glutamine is a non-essential amino acid that can also become conditionally essential in circumstances such as illness or tissue injury. Glutamine is important for tissue repair, is used for cell proliferation and can stimulate collagen synthesis [11] .
b-Hydroxy-b-methylbutyrate is a naturally occurring metabolite of the amino acid leucine, inhibits proteolysis and modulates protein turnover [12] . Only 5% of leucine is converted to b-hydroxy-b-methylbutyrate in a 24-h period. In stress-induced animals, supplementation with b-hydroxyb-methylbutyrate increased lean mass, suggesting that b-hydroxy-b-methylbutyrate protects lean mass from stressrelated damage and enhances protein synthesis [13, 14] .
In a study of healthy elderly subjects, supplementation with the combination of arginine, glutamine and b-hydroxy-b-methylbutyrate increased collagen deposition (as reflected by hydroxyproline content) at the wound site, suggesting that supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate may provide a safe, non-invasive, nutritional means for improving wound repair [5] .
Although numerous attempts have been made over the past 50 years to improve wound healing, treatment provided for diabetic foot ulcers is often inadequate [15] . This study was designed to evaluate the effects of supplemental arginine, glutamine and b-hydroxy-b-methylbutyrate in people with University of Texas grade 1A diabetic foot ulcers [2] .
Patients and methods
The study was approved by Institutional Review Boards at each clinical site before patient enrolment and was performed in accordance with the protocol, Good Clinical Practice, any applicable privacy regulations, and the ethical principles that have their origin in the Declaration of Helsinki.
This study was a prospective, double-blinded, randomized, controlled, multi-centre design that compared the effects of a specialized nutritional supplement with a calorically similar, low glycaemic control supplement in community-dwelling subjects with Type 1 or Type 2 diabetes undergoing pharmacological treatment for glycaemic control who had at least one University of Texas grade 1A foot ulcer [2] . Subjects were recruited from 38 hospitals and wound care centres in the USA (36), Europe (1) and Taiwan (1) .
Written informed consent and Health Insurance Portability and Accountability Act (or other applicable privacy regulation) authorization were obtained before any study procedures were performed. Subjects were considered for study entry if they were men or non-pregnant women at least 6 weeks post-partum and non-lactating; were ≥ 18 years old; had at least one foot ulcer below the ankle and not on the lesser digits that was diabetic and neuropathic in origin (Semmes-Weinstein test, insensate in ≥ 1 site) and the ulcer was ≥ 30 days but ≤ 12 months in duration and was ≥ 1 and ≤ 10 cm 2 surface area at visit 1/ baseline; had adequate perfusion as measured by anklebrachial index ≥ 0. [16] or International Working Group on the Diabetic Foot [17] 2, 3 or 4; recent systemic steroids (exceptions for inhaled steroids for asthma or chronic obstructive pulmonary disease, topical or optical steroids); recombinant human platelet-derived growth factor or similar therapies; or bioengineered tissue use within 4 weeks prior to baseline; antibiotic use within 1 week prior to baseline; history of radiation treatment to the ulcer site; wounds resulting from burns, venous insufficiency or osteomyelitis; active Charcot neuroarthropathy or a chronic Charcot deformity that could not be effectively offloaded; known immunosuppression; active malignancy; renal function impairment (blood urea nitrogen < 21.4 mmol/l, creatinine < 247.5 umol/l); liver failure/cirrhosis (Child class B or C); myocardial infarction in the past 3 months; pre-albumin ≤ 17 mg/dl; alcohol/substance abuse, any mental or physiological condition that may interfere with dietary intake; taking arginine, glutamine, b-hydroxy-b-methylbutyrate and unwilling to discontinue; history of allergy to any of the ingredients in the supplement; received collagen within 7 days of visit 1/baseline and unwilling to discontinue use for the duration of the study; or received negative pressure wound therapy within 7 days of visit 1/baseline and unable to discontinue use for the duration of the study.
Subjects were prospectively randomized (1:1 ratio) within each site to receive either the control or experimental
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supplement using a pseudo-random permutated blocks (size 2) algorithm. The randomization was stratified by wound size (≥ 1 to ≤ 3 cm 2 , > 3 but ≤ 10 cm 2 ), duration of the ulcer (≥ 30 days to ≤ 6 months, > 6 but ≤ 12 months) and HbA 1c < 75 mmol/mol (9%) or ≥ 75 mmol/mol (9%) but ≤ 108 mmol/mol (12%). The experimental drink (arginine, glutamine and b-hydroxy-b-methylbutyrate) contained 79 kcal, 7 g L-arginine, 7 g L-glutamine and 1.5 g calcium b-hydroxy-b-methylbutyrate (providing 1.2 g b-hydroxy-b-methylbutyratebhydroxy-b-methylbutyrate) (Juven â /Abound â ; Abbott Nutrition, Columbus, OH, USA). The control drink was a calorically similar (88 kcal), low glycaemic response supplement. Both products were identical in packaging, appearance, dissolving characteristics and weight. Subjects were instructed to drink the entire packet dissolved in 237 ml of water twice per day, for 16 weeks.
Prior to enrolment, inclusion/exclusion criteria were verified, demographics recorded, medical history and current medications were reviewed, and ankle-brachial index was assessed. During the study, the ulcer wound bed was prepared as per the clinical judgment of the principal investigator and was assessed by two-dimensional planimetry analysis using validated digital photography (Silhouette System TM ; ARANZ Medical, Christchurch, New Zealand). The ulcer was rated using the University of Texas Wound Classification system.
Following randomization to treatment, and at regular intervals, subjects were administered quality-of-life questionnaires, including the EuroQOL five dimensions questionnaire (EQ-5D) [18] and the Diabetic Foot Ulcer Scale-Short Form [19] , and blood samples were drawn for routine testing. At the initial visit, subjects were offloaded as described. Subjects were assessed weekly for 16 weeks.
The primary endpoints were the proportion of subjects with total wound closure and time to complete healing at 16 weeks. Complete wound closure was defined as 100% re-epithelialization of the wound without drainage. Secondary endpoints included the proportion of subjects achieving ≥ 15% reduction in wound area at 1 week, the proportion of subjects achieving ≥ 50% reduction in wound area at 4 weeks, the change in area of the ulcer, quality of life, and the incidence of complications, including diabetic foot ulcer infections, the appearance of additional lesions, ulcer recurrence and amputation. Using a 0.025 level one-sided v 2 -test, the power was 80%
to detect a 20% absolute difference in response rates (39% vs. 59%) between groups with a sample size per group of 107 subjects. Accounting for 20% attrition, 134 subjects per group were required (total of 268). Using a 0.025 level one-sided log-rank test with 80% power, the sample size for the co-primary endpoint, time to healing, was 98 completers per group, or an observed 90 events for the two groups. Sample size calculation was made using nQuery â Advisor 5.0 (Statistical Solutions, Saugus, MA, USA).
Variables expressed as proportion of subjects were analysed using logistic regression, and the Cochran-MantelHaenszel test stratified by site. Time to complete healing was analysed using Cox regression. Factors for treatment, randomization strata and site were used in regression. Continuous outcomes were analysed using repeated-measures analysis of covariance, with baseline covariate or Wilcoxon rank sum test by visit for non-normal data. Adverse events were analysed using Fisher's exact test.
One-sided P-values ≤ 0.025 for the co-primary outcomes were considered significant. All other tests and post-hoc analyses were two-sided and considered significant at a = 0.05.
Data from subjects who received any amount of study drink were included in an intent-to-treat analysis (SAS â version 9.1; SAS Institute, Cary, NC, USA).
Results

Demographics and clinical comparison of study groups
A total of 1052 subjects were screened. Of these, 271 (130 receiving arginine, glutamine and b-hydroxy-b-methylbutyrate supplementation, 141 control subjects) were eligible and enrolled from 38 sites from July 2008 to August 2010. A total of 237 were enrolled from the USA, 28 from Europe and six from Taiwan. One subject did not receive the study product and was excluded from the analyses (Fig. 1 ). There were no significant differences between groups in baseline characteristics (Table 1) . There were no statistically significant differences in the primary outcomes (proportion of subjects with total wound closure at 16 weeks; Fig. 2 ) and time to complete healing (data not shown). There was no statistical difference between groups in wound area (Fig. 3 ) and other secondary outcomes (Table 2) . Post-hoc analyses showed that, in subjects with a baseline albumin level ≤ 40 g/l (n = 127), there was a significantly greater proportion of subjects with total wound healing at 16 weeks in the supplementation group [31/61 (50.8%)] vs. the control group [23/66 (34.9%), P = 0.0325] (Fig. 4) . In addition, in subjects with a baseline ankle-brachial index < 1.00 (n = 119), there was a significantly greater proportion of subjects in the supplementation group with wound closure at 16 weeks [35/58 (60.3%)] vs. the control group [24/61 (39.3%), P = 0.0079] (Fig. 5 ). In subjects with both a baseline ankle-brachial index of < 1.0 and an albumin level of ≤ 40 g/l (n = 62), there was a significantly greater proportion of subjects with total wound healing in the supplementation group [18/30 (60%)] vs. the control group [11/32 (34.4%), P = 0.0042].
Safety variables
There were no significant differences between the groups in the total number of adverse events reported. In the arginine, glutamine and b-hydroxy-b-methylbutyrate supplementation group, 83 (63.8%) subjects reported 202 adverse events and in the control group, 88 (62.4%) subjects reported 190 adverse events. There were no clinically significant differences in blood coagulation variables, prothrombin time, activated partial thromboplastin time or international normalized ratio.
Discussion
The results of this study suggest that, overall, there is no significant improvement in healing of diabetic foot ulcers Thus, in the present study, perhaps no significant group differences were observed because of the large heterogeneity often seen in this population of patients. Supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate as an adjunct to standard of care, however, may improve healing of diabetic foot ulcers specifically in patients with low albumin and/or poor limb perfusion. While nutrition is a factor associated with wound healing [7] , following a comprehensive search of the literature, this is the first prospective randomized controlled trial identified that has addressed the effect of oral nutritional supplementation on healing in this population.
Analysis of the primary and secondary variables showed that, overall, the treatment was not effective in this group of patients. However, post-hoc evaluation suggested that, in subjects with low albumin and/or poor limb perfusion, there were a significantly greater proportion of subjects in the treatment group with wound closure at 16 weeks compared with the control group.
Malnutrition is a complex process that involves more than a decline or change in dietary intake. In people with diabetes, the disease itself, injuries, medications and other factors affect metabolism, leading to poor nutrient utilization, weight loss, skin breakdown and poor healing. Gluconeogenesis is used as the primary energy source in patients with protein-energy malnutrition [7] . This process is driven by the release of amino acids from muscle tissue breakdown [7] . The catabolism of protein is reflected in increased urinary nitrogen loss and decreased levels of albumin as well as skin breakdown [7] . In the patient with a diabetic foot ulcer, the wound consumes large quantities of energy during the healing process both by inflammatory cells and the fibroblasts' production of collagen and matrix. Albumin is a measure of protein status [7] . It is affected by hydration status, injury, infection and inflammatory response. Increased protein needs for malnourished persons have been correlated with depressed levels of albumin [7] . In disease states, albumin levels of ≤ 40 g/l are associated with increased mortality, with the hazard of death increasing incrementally, even with decreases as low as 2 g/l [20] . In the present study, subjects who were at risk of malnutrition (albumin level ≤ 40 g/l) had a better healing response after 16 weeks of supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate. Interestingly, albumin levels did not change across the 16 weeks, suggesting that the improvement was not a change in protein status but occurred by other mechanisms of action. Although speculative, serum albumin might be used as a biomarker for those who may respond best to treatment. Inflammatory status based on C-reactive protein was not different between the groups, although high-sensitivity C-reactive protein was not utilized.
Although not measured in the present study, arginine, glutamine and b-hydroxy-b-methylbutyrate decrease muscle protein breakdown and/or increase muscle protein synthesis [9, 13, 21] . Impaired blood flow at the wound surface can result in oxygen and nutrient deficiency, limiting nutrient access for healing. In the present study, subjects had ulcers of neuropathic origin and their blood glucose under pharmacological control; however, peripheral neuropathies and arterial disease commonly coexist in patients with diabetic foot ulcers [22] . The ankle-brachial index is the ratio of the blood pressure in the lower legs to the blood pressure in the arms. In normal healthy people the pressure at the ankle is slightly higher than at the elbow. Thus, the normal range for FIGURE 4 Cumulative probability of wound closure vs. albumin at entry by patient subgroups. Each point (x, y) represents the proportion, y, of subjects with total wound closure in the subgroup of subjects with baseline albumin ≤ x. Specifically, for the subgroup of subjects (N = 127) with albumin ≤ 40 g/l, proportion healed is higher in the arginine, glutamine and b-hydroxy-b-methylbutyrate supplementation group (&) (n = 61) vs. the control (s) (n = 66) (P = 0.0325) CochranMantel-Haenszel test stratified by site.
FIGURE 5
Cumulative probability of wound closure vs. anklebrachial index at entry by patient. Each point (x, y) represents the proportion, y, of subjects with total wound closure in the subgroup of subjects with baseline ankle-brachial index ≤ x. Specifically, for the subgroup of subjects (N = 119) with ankle-brachial index < 1.0, proportion healed is higher in the arginine, glutamine and b-hydroxyb-methylbutyrate supplementation group (&) (n = 58) vs. the control group (s) (n = 61) (P = 0.0079) CMH test stratified by site. ankle-brachial index is recognized as being between 1.0 and 1.2. Interestingly, an ankle-brachial index value reduction of only 0.1 has been found to be associated with a 1.7 times risk of major amputation [23] . In the present study, subjects who were at risk of developing poor limb perfusion, defined by an ankle-brachial index < 1.00, had a better healing response after 16 weeks of arginine, glutamine and b-hydroxy-bmethylbutyrate supplementation. Arginine is the sole substrate for nitric oxide synthase that produces nitric oxide, which is critical to wound collagen accumulation and acquisition of mechanical strength. Nitric oxide production activates wound macrophages and neutrophils and leads to improved microvascular haemodynamic changes. Although speculative, the presence of arginine in the supplement may have had an effect on vascular deficiency.
Results from safety analyses showed that, in the evaluable group, but not in the intent-to-treat group, more subjects in the supplementation group developed mild wound infections. However, the rates of positive cultures were similar between groups and a mild infection was defined as a manifestation of inflammation. Therefore, it is possible that the mild infections reported were associated with the inflammatory response rather than a true infection. It is suggested that future studies should be designed using a definition that delineates better between inflammation and infection. While most of the subjects with reported infections received antibiotics, there were no group differences in antibiotic use, in contrast to a recent study showing that antibiotic treatment was reduced by 50% in people with diabetic foot ulcers who were treated with arginine, glutamine and b-hydroxy-b-methylbutyrate [24] . There were no group differences in the number of adverse events associated with infections.
Possible limitations of the present study include that only patients with non-infected University of Texas Ulcer classification grade 1A ulcers participated in the trial. Therefore, the results may not be generalizable to all patients with diabetic foot ulcers. In addition, the study was designed to evaluate wound healing after 16 weeks, consistent with other studies [25, 26] . This, however, may not have been long enough to have identified an overall beneficial effect in the larger patient population.
The proportion of control subjects that had complete healing at week 16 was higher than expected based on the literature. This may have been attributable to the fact that, when subjects are in a clinical trial they receive good standards of care on a weekly basis and are more attentive to their home wound care, off-loading procedures and dietary intake. Thus, the results appear to show that good standards of care provided improved healing. Therefore, it is possible that in the present study the beneficial effects of supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate may have been blunted by the control subjects doing well. In the study design, sample size was determined assuming that 39% of subjects would have total wound closure in the control group, and that the experimental treatment would improve this rate by 20 absolute percentage points. Given that approximately 46% of control patients had total wound closure at 16 weeks, it appears that it was unrealistic to expect the treatment to improve this rate by 20 percentage points. Future studies should be designed using a more focused delta efficacy value, in addition to a concomitant a priori study focus on those with poor nutrition and impaired vascular status.
In summary, the results of this study show that those with diabetic foot ulcers without concomitant impaired blood flow and normal serum albumin levels may not benefit from supplementation. However, those patients with risk of poor limb perfusion and/or low albumin levels may benefit. Further investigation involving supplementation with arginine, glutamine and b-hydroxy-b-methylbutyrate in these high-risk subgroups should be conducted to confirm or refute these findings.
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